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ABSTRACT: Chalk samples from Dan, Tyra, South Arne, Valhall and Ekofisk fields
were collected from hydrocarbon-bearing intervals in the Cretaceous Tor and
Palaeogene Ekofisk formations in the central North Sea. The samples were
compared with respect to stable isotope ratios, lithotype, texture, porosity, per-
meability, capillary entry pressure, as well as the dynamic elastic Biot’s coefficient and
Poisson’s ratio. The depositional texture and present grain-size distribution were
quantified by petrographic image analysis. Oxygen isotope ratio and Biot’s coef-
ficient were used as indicators of cementation.
Porosity varies more than 20 porosity units within each hydrocarbon field and is
controlled by three parameters: (1) sorting as expressed by Dunham texture, so that
mudstones tend to have highest porosity and packstones the lowest; (2) sorting of
the carbonate mud, where a mixture of clay-size chalk particles and silicates tend to
reduce porosity; and (3) by pore-filling cementation. The relative significance of
these parameters varies with field and formation. The presence of chalk clasts as an
indicator of re-deposited chalk seems to have no relationship to porosity. Per-
meability and capillary entry pressure depend on porosity and mineral content as
expressed in specific surface. Prediction of permeability and capillary entry pressure
may be aided by information on carbonate content or on Poisson’s ratio.
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INTRODUCTION
In the central part of the North Sea Basin, the upper
Cretaceous and Palaeogene Chalk Group hosts hydrocarbon
reservoirs (Megson & Hardman 2001). The productivity of
these reservoirs is highly influenced by fracturing, but reservoir
properties of the chalk itself vary considerably (Andersen 1995).
The present study investigates how porosity, permeability
and capillary entry pressure reflect depositional texture and
diagenesis in unfractured samples from five hydrocarbon-
bearing chalk fields. The five fields are located in the Central
North Sea area of regional overpressure (Japsen 1998). The
fields form a southeast–northwest transect and vary with
respect to burial depth and overpressure (Fig. 1, Table 1). In
addition, dynamic elastic parameters, such as Poisson’s ratio
(for predicting permeability and capillary entry pressure) and
Biot’s coefficient (useful in interpreting diagenesis of chalk) will
be introduced.
Depositional texture
The mode of chalk deposition was discussed by Kennedy
(1980, 1987). Based on cores from several chalk fields he found
that allochthonous chalk tends to have the best reservoir
properties. These results have been applied widely (Hatton
1986; Taylor & Lapré 1987; Brasher & Vagle 1996) but were
contested by the results of Maliva & Dickson (1992), who
studied chalk from the Eldfisk Field and found that mode of
deposition has little influence on porosity. They rather found
that content of non-carbonates is significant, although the
content of non-carbonates may indicate variations in micro-
facies, as fine-grained silica presumably represents diagenetically
reprecipitated biogenic silica. Fabricius & Borre (2007) studied
chalk from the Gorm and Tyra fields, North Sea, and found
that the presence of cemented microfossils and pore-filling
silicates causes local variations in porosity of chalk. In accord-
ance with Maliva & Dickson (1992), Røgen & Fabricius (2002)
found that for a given porosity, content of clay and silica
has significant influence on permeability and capillary entry
pressure in chalk.
Crabtree et al. (1996) standardized chalk description and
grouped the chalk into 18 lithotypes based on a macroscopic
equivalent to the texture classification of Dunham (1962). They
found that in the Chalk Group, mud-supported mudstone and
wackestone textures prevail, whereas grain-supported mud-rich
packstones are rare and grainstones extremely rare. Røgen et al.
(1999) reviewed the chalk lithotypes defined by Crabtree et al.
(1996), and recommended the use of Dunham’s classification in
its original form. They grouped the 18 lithotypes into four
lithotype sets:
+ Lithotype Set 1: mudstones (mud-supported with less than
10% grains larger than 20 µm in thin section;
+ Lithotype Set 2: pebbly chalk, comprising micro-mudstones
and micro-wackestones;
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+ Lithotype Set 3: wackestones – mud-supported with more
than 10% microfossil- and bioclast-grains, larger than 20 µm
in thin section;
+ Lithotype Set 4: packstones and argillaceous chalk with more
than 30% clay and silica.
Diagenesis
The progress of diagenesis in chalk has been addressed widely
from the ratio of stable oxygen isotopes. Using a large number
of chalk samples from the Danish North Sea and the Danish
sub-basin, Jørgensen (1987) studied stable isotope ratios for
carbon, 13C and oxygen, 18O. He found 13C in the range
+0.50‰ to +3.00‰ relative to the Pee Dee Belemnite [PDB],
corresponding to marine biogenic calcite, whereas he found
18O in the range 0.50‰ to 7.50‰ [PDB], decreasing
with depth of burial in a given well and decreasing with
porosity. He concluded that the data indicate an equilibration
between pore water and carbonate involving dissolution and
re-precipitation processes taking place in a diagenetically closed
system. In agreement with this conclusion, Maliva et al. (1991)
modelled stable isotope data from the Eldfisk Field, North Sea
and found that in chalk with porosity above 35%, diagenesis
was dominated by dissolution and re-precipitation without
porosity loss, as reflected in whole-rock 18O of 4.1‰
to 4.7‰ [PDB]. Maliva & Dickson (1992) found only
little evidence of intergranular pressure dissolution and found
stylolites to be the major source of cement.
Diagenesis of chalk may also be reflected in the dynamic
elastic properties. Fabricius (2003) related diagenesis of deep
sea and North Sea chalk to elastic P-wave modulus, M (GPa)
(Mavko et al. 1998):
M = v P
2 (1)
where  (g cm3) is bulk density and vP (km s
1) is P-wave
velocity; and Gommesen et al. (2007) pointed to the significance
of Biot’s coefficient. For a given porosity, Biot’s coefficient, ,
is an indicator of pore stiffness and may be supposed to decline
with increasing cementation.  may be calculated from dynamic
elastic data for the mineral phase and for the dry sample
(Mavko et al. 1998):
 = 1 KdryKo  (2)
The bulk modulus of the mineral phase, Ko is close to
71 GPa for calcite, and the dynamic elastic bulk modulus for
the dry sample, Kdry (GPa) may be calculated from dry bulk
density, d (g cm
3), vP (km s
1) of the dry sample, and
S-wave velocity, vS (km s
1) of the dry sample:
Kdry = dv P2  43v S
2  (3)
Petrophysical properties
The petrophysical properties included in the present study are
porosity, permeability and capillary entry pressure. Prediction of
permeability from porosity of chalk is commonly done by
correlation of core data from a specific formation, preferably in
a specific field. Capillary pressure in chalk is generally predicted
by the equivalent radius method (EQR, e.g. Vejbæk et al. 2005).
This method was developed by Engstrøm (1995). He noted that
the Leverett (1940) model, among others, was unsuited to
match chalk capillary curves because the assumptions do not
hold: constant irreducible water saturation, Swir, is not observed.
For each of the Ekofisk and Tor formations, Engstrøm
normalized non-wetting phase saturation, (1Sw), to (1Swir),
and capillary pressure, Pc, to capillary entry pressure, Pce, and
established relationships between the normalized data.
In chalk, permeability and capillary entry pressure is con-
trolled largely by porosity and specific surface (Mortensen et al.
Fig. 1. Samples were collected from the reservoir zone of five North
Sea chalk fields: from the Tor and Ekofisk formations of the Ekofisk
Field, from the Tor Formation of the Valhall Field, from the Tor
Formation of the South Arne Field, from the Ekofisk Formation of
the Tyra Field, and mainly from the Tor Formation of the Dan Field.
Structural elements on the map are adapted from Ziegler (1990). The
cross-section was compiled by Ole V. Vejbæk. The depth scale is in
km below mean sea-level (msl).
Table 1. Sampled chalk fields
Field Formation and
no. of samples
Type of
hydrocarbon
Regional overpressure
(MPa)
Dana Ekofisk (1), Tor (60) oil and gas 6.4
Tyrab Ekofisk (21) gas 9.1
South Arnec Tor (29) oil 15.4
Valhalld Tor and Hod? (9) oil 19.5
Ekofiske Ekofisk (22), Tor (28) oil and gas 16.7
aAndersen (1995), Kristensen et al. (1995), Scholle et al. (1998), Damholt &
Surlyk (2004).
bDoyle & Conlin (1990).
cJapsen (1998), Mackertich & Goulding (1999).
dCaillet et al. (1997), Farmer & Barkved (1999).
eBrewster et al. (1986), Caillet et al. (1997).
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1998; Røgen & Fabricius 2002). For homogeneous chalk they
confirmed that the Kozeny (1927) equation can be derived
without empirical constants:
k = c
3/s2 (4)
k is Klinkenberg corrected permeability (mD) (Klinkenberg
1941), while c is a (non-empirical) function of porosity whose
value is close to 0.25 for chalk in a large porosity range; with the
present choice of units it must be multiplied by 103.  is
porosity (%), and s is specific surface with respect to bulk
volume (m2 cm3). s is calculated from dry density, d
(g cm3), and specific surface per unit mass, S (m2 g1),
measured by the method of Brunauer et al. (1938):
s = Sd (5)
In accordance with Leverett (1940), Røgen & Fabricius
(2002) found that capillary entry pressure is proportional to the
ratio between specific surface and porosity:
Pces/ (6)
Fig. 2.Most samples have mudstone or wackestone texture, whereas
single samples have packstone texture. The five fields are located at
different vertical depths below sea-level (tvd) (see Fig 1). Porosity
varies more than 20 porosity units irrespective of burial.
Fig. 3. Epoxy-impregnated and polished samples. (a) Deformed burrowed massive chalk mudstone from the Tor Formation of the Dan Field
(Lithotype Set 1, 98% carbonate, 28% porosity). (b) Deformed pebbly chalk wackestone from the Tor Formation of the South Arne Field
(Lithotype Set 2, 96% carbonate, 43% porosity). (c) Laminated argillaceous chalk packstone from the Ekofisk Formation of the Ekofisk
Field (Lithotype Set 4, 46% carbonate, 15% porosity). (d) Laminated chalk wackestone from the Tor Formation of the Dan Field (Lithotype
Set 3, 99% carbonate, 30% porosity). The apparent lamination in this sample may be due to differential epoxy-impregnation along fractures.
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Porosity is normally available from well logs, whereas the
specific surface can be assessed only indirectly. The specific
surface of chalk is controlled primarily by clay and quartz due to
the high smoothness of the calcite crystals constituting the
building blocks of the carbonate fossils (Røgen & Fabricius
2002). Clay may be assessed from the radioactive signal, but
quartz is not radioactive. Because vP and vS are unequally influ-
enced by mineralogy and pore structure (e.g. Mavko et al. 1998),
porosity together with vP/vS ratio may give information on the
content of quartz and clay and thereby permeability and capillary
entry pressure. The vP/vS ratio is reflected in the dynamic elastic
parameter, , Poisson’s ratio (e.g. Mavko et al. 1998):
 = v P
2  2v S
2 /2v P
2  v S
2  (7)
In the present study, dry Poisson’s ratio was calculated from
ultrasonic laboratory data, but it may be assessed from sonic P-
and S-wave logging data via fluid substitution (Gassmann
1951).
DATA AND EXPERIMENTAL PROCEDURE
Samples for the present study were taken from the
hydrocarbon-bearing zones of five chalk fields representing the
Tor and Ekofisk formations (Table 1). Petrophysical data were
Fig. 4. Backscatter electron
micrographs in two magnifications from
the Dan Field, Tor Formation
illustrating the role of pore-filling
cementation. Both samples are
burrowed massive chalk mudstone
(Lithotype Set 1) with mudstone
microtexture and a carbonate content
of 98%. Whereas sample (a) has a
porosity of 38% and Biot’s coefficient
of 0.97, sample (b) is more cemented as
indicated by a lower porosity (25%) and
a smaller Biot’s coefficient of 0.80.
Fig. 5. Bulk composition as measured
by petrographic image analysis of
samples from the Tor Formation of the
Dan and South Arne fields. The
samples are sorted according to Biot’s
coefficient (x-axis), which decreases
with increasing pore stiffness relative to
sample stiffness. In both fields porosity
decreases primarily as Biot’s coefficient
decreases, indicating that porosity is
controlled primarily by pore-filling
cementation. Content of microfossils
(>316 µm2) gives a second-order
porosity-reducing effect. Where the
apparent fine-grained part of the matrix
is only 10%, it is probably largely an
artefact due to the two-dimensional
method of measurement.
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provided by field operators and samples were collected adjacent
to 170 plug holes where data on He-porosity and gas per-
meability, as well as mercury capillary pressure curves, were
already available. He-porosity is normally measured with an
uncertainty of less than 0.1 porosity units, gas permeability with
an uncertainty of around 5%, although at low permeability
(0.1 mD) the uncertainty becomes as high as 20–25%. The
capillary entry pressure was determined from capillary pressure
curves by using the EQR method of Engstrøm (1995). By
this procedure, the uncertainty on capillary entry pressure is
assessed to be less than 20 psi. Røgen & Fabricius (2002)
discussed the mineralogical composition of the samples. Røgen
et al. (2005) discussed the acoustic properties of the South Arne
Field samples.
For the present work, lithotype was described on a slabbed,
polished surface of 127 samples, and microtexture assessed
from thin sections of all samples. The microtexture was
confirmed quantitatively from grain-size distribution as
measured by image analyses of backscatter electron micro-
graphs, where information from two magnifications was com-
bined (Røgen et al. 2001). By this method grain-size distribution
is defined from cross-sectional area in a two-dimensional plane
perpendicular to bedding. Samples with a height and width of
approximately 1 cm were impregnated with epoxy and polished
Fig. 6. Backscatter electron
micrographs in two magnifications from
the South Arne Field, Tor Formation
illustrating the role of pore-filling
cementation. (a) Deformed pebbly
chalk wackestone (Lithotype Set 2) with
wackestone microtexture and a
carbonate content of 97%. Porosity is
43% and Biot’s coefficient of 0.98.
(b) More cemented, as indicated by a
lower porosity (29%) and a smaller
Biot’s coefficient of 0.84. It is a
deformed burrowed massive chalk
wackestone (Lithotype 3) with
wackestone microtexture and a
carbonate content of 98%. The sample
contains authigenic dolomite (grey
rhombs) and authigenic kaolinite (small
particles within intrafossil porosity to
the left in the upper image).
Fig. 7. (a) Backscatter electron micrographs in two magnifications from a highly porous sample from the Valhall Field, Tor Formation. The
sample is a burrowed massive chalk mudstone (Lithotype Set 1) with mudstone microtexture and a carbonate content of 97%. Porosity is 50%
and Biot’s coefficient is 0.97. (b) Bulk composition as measured by petrographic image analysis of samples from the Tor Formation of the Valhall
Field. The samples are sorted according to the content of fine-grained calcite (<3.16 µm2). Two low-porosity samples are not included because
they are heavily cemented and not suitable for analysis of grain-size distribution.
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before imaging with a Philips XL20 scanning electron micro-
scope by using the backscatter electron detector. A standard
imaging procedure was followed for each sample. This includes
an overview image for each sample to check for inhomogenei-
ties in sample or preparation. Four image fields were chosen
along the centreline in the vertical direction, with a spacing of
2 mm. Each image field is represented by two images. One
image at high magnification (6080 µm), representing only
chalk matrix, insoluble residue and matrix porosity. The second
image is a concentric image at a magnification ten times lower
(600800 µm), showing microfossils, chalk clasts and shell
debris, as well as large porosity (intraparticular and moldic
porosity), but not resolving the matrix. From a combination of
information from each of the magnifications and under the
assumption of a homogeneous matrix, information correspond-
ing to 100 images of the high magnification were obtained at
each image field of the lower magnification.
Ultrasonic P-wave and S-wave velocities were measured at
5 MHz by using a pulse transmission technique on dry uncon-
fined samples. The samples were thus not at in situ stress, but
samples from the South Arne Field were also measured at
hydrostatic pressure equivalent to in situ stress, and the ultra-
sonic velocities obtained by the two methods were found to
differ by less than the experimental uncertainty. By error
Fig. 8. Backscatter electron
micrographs in two magnifications from
the Ekofisk Field, Tor Formation
illustrating pebbly chalk (Lithotype Set
2) with wackestone vs. mudstone
microtexture. (a) Massive pebbly chalk
wackestone with wackestone
microtexture and a carbonate content
of 94%. Porosity is 25% and Biot’s
coefficient is 0.85. (b) Massive pebbly
chalk wackestone with mudstone
microtexture and a carbonate content
of 98%. Porosity is 23% and Biot’s
coefficient is 0.78.
Fig. 9. Bulk composition as measured
by petrographic image analysis of
samples from the Tor and Ekofisk
formations of the Ekofisk Field. The
samples are sorted according to the
content of fine-grained carbonates
(<3.16 µm2) and silicates. In both
formations, porosity decreases primarily
as the fine-grained component
increases. In the Tor Formation the
second-order porosity-reducing effect
seems to be cementation, as indicated
by the low Biot’s coefficient (x-axis). In
the Ekofisk Formation, the content of
microfossils (>316 µm2) gives a
second-order porosity-reducing effect.
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propagation, standard deviation of P-wave and S-wave velocity
is estimated to be less than 0.1 km s1 and 0.05 km s1,
respectively. The dry density is measured with an accuracy of
2%, so, by error propagation, the resulting error on the Biot
coefficient becomes less than 16%, and the resulting error on
Poisson’s ratio becomes less than 22%.
Stable oxygen and carbon isotope ratios of bulk samples
were measured by a standard method (Hoefs 2004). The
experimental error on isotope ratios is estimated to be below
0.1‰. Carbonate content was measured by adding 0.5 M
hydrochloric acid to the powdered sample and subsequent
titration by 0.5 M sodium hydroxide solution and is accurate
to0.2%.
RESULTS
Of the 170 studied samples, 126 are from the Tor Formation,
whereas 44 are from the Ekofisk Formation (Table 1). With
respect to microtexture, most samples are mudstones or
wackestones although some are packstones. For each field,
porosity varies more than 20 porosity units (pu), although burial
depth varies from less than two to more than three kilometres
(Fig. 2). With respect to lithotype, burrowed massive chalk
mudstone is the most frequent (36 samples, Fig. 3a). Some 23
samples were found to be pebbly, i.e. to contain chalk clasts –
an indicator of reworking (Fig. 3b). Six samples were described
as laminated. Of these, two packstones with less than 80%
calcium carbonate were laminated as a result of horizontal
alignment of clay and flattened wackestone-filled burrows
(Fig. 3c), whereas the apparent lamination in the remaining four
samples (one mudstone, two wackestones and one packstone)
was visible only in oil-stained samples and may be a result of
local permeability enhancement caused by low-angle fractures
forming a steep angle with the polished surface (Fig. 3d).
Quantification of microtexture by image analysis indicates
that the textural control on porosity varies according to the
field. In some fields primary texture is the main control on
porosity. In other fields porosity is controlled primarily by
diagenesis as quantified by Biot’s coefficient (Figs 4–10). In
samples from the Tor Formation of the Dan and South Arne
fields, the porosity seems to be controlled primarily by pore-
filling cementation as reflected in the decreasing Biot’s
coefficient, whereas content of microfossils gives a second-
order porosity-reducing effect (Figs 4–6). In samples from the
Tor Formation of the Valhall Field porosity seems to be
controlled primarily by the sorting of the mud-matrix, whereas
the second-order control is provided by the content of micro-
fossils (Fig. 7). In samples from the Tor Formation of the
Ekofisk Field porosity seems to be controlled primarily by the
sorting of the mud-matrix, while the second-order effect is
pore-filling cementation as reflected in the decreasing Biot’s
coefficient (Figs 8–9). In the Ekofisk Formation of the Tyra
and Ekofisk fields porosity seems to be controlled primarily
by the sorting of the mud-matrix, while the second-order
control is the content of microfossils (Figs 9–10; for BSE
images (3040 µm and 300400 µm) and histogram of the
Tyra samples, refer to Røgen et al. 2001). For the Tor
Formation, high-porosity samples are mainly from the South
Arne and Valhall fields, and low-porosity samples mainly from
the Dan Field. For the Ekofisk Formation, the porosity
distribution of samples from the Tyra and Ekofisk fields is
similar (Fig. 11).
Depositional texture is related to porosity in general terms:
Lithotype Sets 1 and 2 with mudstone microtexture dominate
the most porous samples, whereas samples of the chalk
clast-bearing Lithotype Set 2 may have high or low porosity
(Fig. 11). Lithotype Sets 3 and 2 with wackestone microtexture
are frequent for intermediate porosities, whereas samples with
the poorly sorted Lithotype Set 4, including samples with
packstone microtexture and samples rich in silicates, tend to
have low porosity (Fig. 11).
With respect to stable isotope ratios, it is found that samples
from the Dan, Tyra, South Arne and Ekofisk fields show a large
variation in oxygen isotopes and a small variation with respect
to carbon isotopes, whereas the opposite is seen for samples
from the Valhall Field (Fig. 12). The pattern in Dan, Tyra,
South Arne and Ekofisk corresponds to the closed system
diagenesis as discussed by Jørgensen (1987). 13C and 18O are
correlated positively, and a relatively large change in 18O
corresponds with a smaller change in 13C. This pattern
will arise when during recrystallization oxygen equilibrates
with dissolved bicarbonate and water, causing a lowering in
18O due to the relative abundance of water, while carbon
Fig. 10. Backscatter electron
micrographs in two magnifications from
the Ekofisk Field, Ekofisk Formation,
illustrating the role of high compared
with low content of fine-grained mud
(<3.16 µm2). (a) Burrowed massive
chalk wackestone (Lithotype Set 3) with
wackestone microtexture and a
carbonate content of 97%. Porosity is
40% and Biot’s coefficient is 0.96. (b)
Laminated chalk packstone (Lithotype
Set 4) with packstone microtexture and
a carbonate content of 46%. Porosity is
15% and Biot’s coefficient is 0.84. It
contains detrital silicates including large
kaolinitic clasts.
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Fig. 11. Porosity histograms for the Tor and Ekofisk formations: (a, b) high-porosity samples mainly from the South Arne and Valhall fields,
whereas low-porosity samples mainly from the Dan Field; (c–f) Lithotype Sets 1 and 2 with mudstone microtexture dominate the most porous
samples. Samples of the pebbly Lithotype Set 2 may have high or low porosity. Lithotype Sets 3 and 2 with wackestone microtexture dominate
for intermediate porosities. Lithotype Set 4 represents low porosity. It includes poorly sorted samples with packstone microtexture and samples
rich in silicates.
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equilibrates only with the relatively sparse dissolved bicarbo-
nate. The anomalous pattern shown by the Valhall samples
may be explained by the introduction of hydrocarbons into
the Valhall Field at relatively shallow burial. Jensenius &
Munksgaard (1989) found 13C as low as 16.5‰ [PDB] in
calcite cement in the fractures in the chalk of the East Rosa
Field, probably as a consequence of the presence of partly
biodegraded isotopically light hydrocarbons.
In accordance with Jensenius & Munksgaard (1989), the
presence of partly degraded hydrocarbons during recrystalliz-
ation may cause a low 13C in the Valhall samples, while the
limited amount of porewater causes 18O to remain high.
DISCUSSION
Lamination, re-deposited chalk, texture and porosity
Whereas lamination in some samples is easy to recognize it is
more equivocal in other cases (Fig. 3). The apparent lamination
seen in Figure 3d is interpreted to reflect low-angle fractures;
however, other researchers have interpreted presumably similar
structures differently. Scholle et al. (1998) found metre-scale
lithologic cycles in Maastrichtian (Tor Formation) chalk of the
Dan Field. The cycles comprise a porous, laminated (?), largely
non-stylolitic part capped by a hard, 3–8 pu less porous,
bioturbated, stylolitic chalk with concentrations of bioclasts.
Fig. 12. Carbon and oxygen stable
isotope ratios for samples from the
(a) Tor and (b) Ekofisk formations,
annotated with respect to fields and
microtexture. Stable oxygen isotope
ratio varies around 3‰ for samples
from the Dan, Tyra, South Arne and
Ekofisk fields. Stable carbon isotope
ratio varies considerably for samples
from the Valhall Field.
Fig. 13. Biot’s coefficient versus
porosity for samples from the (a) Tor
and (b) Ekofisk formations, annotated
with respect to field and lithotype set.
For porosity below 30%, samples from
the Tor Formation have a relatively low
Biot’s coefficient.
Fig. 14. Ratio of stable oxygen isotopes
versus porosity for samples from the
(a) Tor and (b) Ekofisk formations,
annotated with respect to fields and
lithotype set. For samples from the Tor
Formation of the South Arne Field and
Ekofisk Formation of the Tyra and
Ekofisk fields, the stable oxygen isotope
ratio and porosity are related positively,
whereas a considerable scatter is seen
for samples from the Tor Formation of
the Dan and Ekofisk Fields. This
indicates that cementation is not the
only porosity-reducing factor.
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They interpreted winnowing processes to have caused the
lamination together with periods of rapid deposition as evi-
denced by the presence of escape burrows. Damholt & Surlyk
(2004) interpreted the biogenic structures as central parts of
Zoophycos burrows rather than escape burrows. They interpreted
the apparent lamination as resulting from low-density turbidity
currents, or pelagic rain of pelleted coccoliths under anoxic
conditions so as to preserve lamination. Both publications
present only rather ambiguous petrographic evidence for the
lamination which is visible by oil staining.
According to the results of this study (Fig. 11), pebbly chalk,
which is probably re-deposited, may have high porosity in
accordance with the results of Kennedy (1987), but pebbly
chalk is not always porous and high porosity may be found in
chalk with no clear indication of re-deposition. When 13C–
18O trends of the Tor and Ekofisk formations are compared
(Fig. 12), it can be seen that most Ekofisk Formation samples
from the Ekofisk Field fall close to the trend of the Tor
Formation, whereas samples from the Ekofisk Formation
of the Tyra Field fall on a trend shifted to c. 1‰ lower
13C. The shift seen in Tyra samples may reflect a shift in
primary composition of isotopes at the transition from the
Maastrichtian into the Danian. This interpretation is in ac-
cordance with Scholle & Arthur (1980). They compiled data
from pelagic limestones in the Circum-Atlantic–western
Tethyan region and found a drop in 13C of c. 1‰ at the
transition from the Maastrichtian into the Danian, interpreted
as a reflection of probable faunal and floral changes. The
absence of a similar pattern for the samples from the Ekofisk
Field may be a consequence of an abundance of reworked
Cretaceous sediment in the Ekofisk Formation of the Ekofisk
Field (Perch-Nielsen 1979). According to this interpretation
of carbon isotope data, the Ekofisk Formation samples of the
Ekofisk Field may be generally reworked, although samples
Fig. 15. Permeability versus porosity for samples from the Tor and Ekofisk formations: (a, b) annotated with respect to fields and lithotype set;
(c, d) annotated with respect to fields and microtexture. Neither lithotype nor microtexture has a clear influence on the permeability–porosity
trend.
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are not all clast-bearing. However, the porosity distribution of
these samples is similar to the porosity distribution of the
Tyra Field samples, where neither lithotype nor isotope ratios
indicates reworking (Figs 11, 12). In accordance with Maliva
& Dickson (1992), the current data do not indicate a direct
relationship between porosity and possible reworking of
chalk.
High porosity chalk tends to have mudstone texture and
packstones tend to have relatively low porosity (Fig. 11), but –
as seen from the petrographic data (Figs 4–10) – not only
classical Dunham texture, but also sorting in the mud matrix,
have a control on porosity. Accordingly, Lind & Grøn (1996)
found grain-size distribution in the matrix to be the controlling
factor on porosity in a few samples from the Tor Formation in
the Tyra Field and, in accordance with Maliva & Dickson
(1992), fine-grained silicates were found to have significant
porosity-reducing effect, especially in the Ekofisk Formation
(Fig. 9).
Primary depositional control on porosity may thus be:
+ relative proportion of calcareous microfossils relative to
nannofossils resulting in mudstones, wackestones or pack-
stones;
+ relative proportion of siliceous fossils giving rise to second-
ary very fine-grained silica;
+ admixtures of allochthonous clay;
+ winnowing processes removing the most fine-grained parts
of the matrix.
Winnowing may result from re-deposition by mass flow or
be due to traction currents.
Fig. 16. Air-mercury capillary entry pressure versus inverse porosity for samples from the Tor and Ekofisk formations: (a, b) annotated with
respect to fields and lithotype set; (c, d) annotated with respect to fields and microtexture. Lithotype and microtexture influence the capillary
entry pressure–porosity relationship for both formations. A given capillary entry pressure corresponds to a low inverse porosity for well-sorted
mudstones and to a high inverse porosity for poorly sorted packstones.
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Diagenetic processes and porosity
Cementation of chalk should affect 18O and Biot’s coefficient
and, when these two properties are compared with porosity, a
more or less distinct pattern with respect to formation and field
is found (Figs 13, 14). For the Tor Formation, most samples
from the Dan and Ekofisk fields follow a trend where porosity
decline is associated with a relatively steep decline in  (Fig. 13).
This is probably a consequence of pore-filling cementation
(Figs 5, 9). For 18O no clear porosity trend is seen (Fig. 14),
probably because no clear porosity-depth trend is seen (Fig. 2),
as a reflection of partial primary depositional control on
porosity.
The South Arne samples fall on a relatively low – trend
(Fig. 13). This is an indication of pore-stiffening cementation
with a relatively high element of porosity-preserving recrystalli-
zation. The recrystallization of the (relatively shallow) high
porosity mudstones has taken place at relatively low water
saturation, as indicated by a relatively high 18O (Figs 2, 14). For
the remaining South Arne samples no clear 18O–porosity trend
or texture-effect is seen and 18O is lower, probably a reflection
of pore-filling cementation at high water saturation (Fig. 14).
The Tor Formation samples of Valhall fall in two groups:
one group of porous chalk with an  of c. 0.95, and two
cemented (possibly Hod Formation) samples with an  below
0.5 (Fig. 13). Valhall samples have high 18O irrespective of
porosity, an indication of isotope equilibration with pore-
water at low water saturation (Fig. 14) and, accordingly,
Valhall samples have a relatively low  for a given porosity,
Fig. 17. Poisson’s ratio (a, b) vs. porosity; (c, d) vs. Biot’s coefficient. The data points are annotated with respect to carbonate content. For the
relatively carbonate-rich Tor Formation samples, Poisson’s ratio is related negatively to porosity and Biot’s coefficient and thus seems to be
related positively to degree of cementation. The more impure Ekofisk Formation samples are less cemented, and high silicate content results in
low porosity, high Biot’s coefficient and relatively low Poisson’s ratio.
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indicating stiff grain contacts and a relatively high element of
porosity-preserving recrystallization (Fig. 13).
In the Ekofisk Formation, samples with mudstone microtex-
ture tend to have relatively high 18O and Biot’s coefficient,
whereas samples with packstone texture tend to have relatively
low 18O and Biot’s coefficient (Figs 13, 14). This is probably
a consequence of preferred cementation of microfossils. A
cementation focused in microfossils is also indicated by a
relatively modest decrease in  with decreasing porosity
(Fig. 13). The Tyra Field samples fall on a trend of relatively
high 18O and relatively low . This may indicate recrystalliz-
ation at relatively low water saturation where available pore-
water is limited and cementation primarily porosity-preserving,
leading to a relatively low  for a given porosity.
Textural control on permeability and capillary entry
pressure
Whereas depositional texture has some control on porosity, it
has only little control on the relationship between porosity and
permeability (Fig. 15). For the Tor Formation, samples from
the Dan and Ekofisk fields fall along one trend, whereas
samples from the South Arne Field tend to have a lower
permeability for a given porosity (Fig. 15). For the Ekofisk
Formation, samples from the Ekofisk Field fall on a trend
comparable with the Tor Formation samples from South Arne,
whereas the Tyra Field samples tend to have a lower per-
meability for a given porosity (Fig. 15). In accordance with
Maliva & Dickson (1992), the porosity–permeability trends are
probably controlled by the content of silicates. The porosity–
permeability trends vary among fields and formations, probably
as a consequence of stratigraphic and regional variations in
quartz content and clay type because gas-permeability for a
given porosity is controlled directly by specific surface (Røgen
& Fabricius 2002).
Capillary entry pressure of chalk is predictable from porosity
and specific surface only for chalk that is homogeneous on a
micro-scale (Røgen & Fabricius 2002) and, accordingly, rela-
tively heterogeneous textures tend to have lower capillary entry
pressure for a given porosity (Fig. 16).
Prediction of permeability and capillary entry pressure
from porosity and Poisson’s ratio of dry samples
According to expectations, Poisson’s ratio, , should be related
to carbonate content and pore stiffness. The Tor Formation
samples have high carbonate content and  accordingly tends to
increase as porosity and Biot’s coefficient decreases and pores
stiffen (Fig. 17). The Ekofisk Formation samples have variable
carbonate content and, as compared with the Tor Formation
samples, Ekofisk Formation  tends to be relatively low for low
porosities and Biot’s coefficient tends to be relatively high, as a
reflection of the porosity-reducing and pore-softening effect of
silicates (Fig. 17). In both formations,  may thus be related
negatively to specific surface with respect to bulk volume. The
reason is that in a pure carbonate lithology, specific surface with
respect to bulk volume will decrease as pores stiffen; whereas in
impure chalk, specific surface with respect to bulk volume will
decrease as content of fine-grained silicates decreases.
Carbonate content or Poisson’s ratio may help in predicting
permeability and capillary entry pressure from porosity if the
locality and formation of the chalk is unknown or poorly
studied (Figs 18, 19). For permeability, significant relationships
were found for the following groups: carbonate >95% and
carbonate 75–95%. For samples with low carbonate content
the scatter is too great to obtain a useful relationship (Fig. 18).
Significant relationships were also found for >0.2 and <0.15.
For samples with intermediate , the scatter is too large to
obtain a useful relationship (Fig. 18). For prediction of capillary
Fig. 18. Permeability, , versus porosity, Ø, for all samples: (a) annotated with respect to carbonate content; (b) annotated with respect to
Poisson’s ratio, . Significant relationships may be found for the following groups: carbonate >95% (66 samples), carbonate 75–95% (34
samples), >0.2 (19 samples) and <0.15 (39 samples). For samples with low carbonate content and intermediate , the scatter is too large to
obtain a useful relationship.
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entry pressure, significant relationships were found for the
following groups: carbonate >95%, >0.2 and <0.15 (Fig. 19).
CONCLUSIONS
Depositional texture influences porosity: the most porous
samples tend to have mudstone microtexture. Clast-bearing
samples may have high or low porosity. Wackestone micro-
texture is frequent for intermediate porosities, whereas
packstones and clay-bearing chalk tend to have low porosity.
We do not find a relationship between high porosity and
re-deposition of chalk.
Textural control on porosity varies among the fields. In
some fields primary texture is the primary control on porosity.
In other fields porosity is primarily controlled by diagenesis as
quantified by 18O and Biot’s coefficient.
Porosity in Tor Formation of the Dan and South Arne fields
seems primarily to be controlled by pore-filling cementation,
whereas content of microfossils gives a second order porosity
reducing effect. In contrast, porosity in the Tor Formation of
the Valhall field and Ekofisk Formation of Tyra and Ekofisk
fields seems primarily to be controlled by the sorting of the
fine-grained mud-matrix, whereas the second order control is
content of microfossils. Finally, in the Tor Formation of the
Ekofisk field porosity seems primarily to be controlled by the
sorting of the fine-grained mud-matrix, whereas the second
order effect is pore-filling cementation.
Closed system diagenesis is indicated by a positive corre-
lation of 13C and 18O, and a relatively large change in 18O
corresponding to a smaller change in 13C in the Dan, Tyra,
South Arne, and Ekofisk fields in accordance with Jørgensen
(1987).
Isotope data indicate that cementation in Dan and probably
also Ekofisk fields has taken place at high water saturation,
whereas cementation in Valhall field, parts of the South Arne
and possibly also Tyra field has taken place at low water
saturation, probably as a consequence of introduction of
hydrocarbons at relatively low burial.
Whereas depositional texture has some control on porosity,
it has little control on the relationship between porosity and
permeability.
Relatively heterogeneous lithotypes and textures tend to have
low capillary entry pressure for a given porosity as compared to
more sorted textures.
Carbonate content or Poisson’s ratio may help in predicting
permeability and capillary entry pressure from porosity.
This paper presents results from the Joint Chalk Research pro-
gramme phase V. Project leaders were A. Mortensgaard and M.
Reppert. Joint Chalk Research is thanked for encouragement and
data. The paper also includes data from a project sponsored by
Danish Energy Research Program EFP-98. Acoustic measurements
were carried out at NTNU under the supervision of R. Holt. Further
thanks are due to K. Carlsen, H. Diaz, F. Kragh and S. H. Nguyen
for technical support, and to M. Borre and J. M. Hvid for
discussions.
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